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Intermolecular zero-quantum coherences (iZQCs) are not susceptible to magnetic field
inhomogeneities significantly larger than the dipolar correlation distance and can be used to
obtain 1D high-resolution spectra in an inhomogeneous field. However, with the iZQC methods
proposed previously, residual conventional single-quantum coherences (SQCs) originating mainly
from solvent resonance result in strong t1 ridge noises. A modified HOMOGENIZED with an
intermolecular double-quantum filter (iDQF), named iDQF-HOMOGENIZED, is presented in
this work to suppress the residual conventional SQC signals as well as solvent iZQC signals. The
solvent-suppression efficiency of the iDQF-HOMOGENIZED is analyzed and a thorough
comparison of the new sequence with several relevant pulse sequences is made. Dramatic
resolution enhancement and solvent suppression in the measurements of a piece of grape
sarcocarp suggest potential applications of the method in in vivo spectroscopy.
1. Introduction
A modern high-resolution NMR spectrum usually contains
fine structures (e.g. chemical shift) and sometimes extra-fine
structures (e.g. scalar-coupling multiplet patterns). For proton
NMR, spatial homogeneity of the magnetic field exceeding
108 is often required to obtain chemical shift and scalar-
coupling information for a liquid sample. As a powerful and
non-invasive tool for analyzing molecular structures and
compositions, NMR has been applied in many areas such as
in vivo spectroscopy, ex situ occasions, and solid-phase synth-
esis (SPS) in combinatorial chemistry in recent years, in
addition to traditional applications in analytical chemistry
for liquid samples. However, static field inhomogeneities due
to e.g. magnetic susceptibility variations in a sample, or size
and geometry limitation of the magnet, are usually unavoid-
able in these new applications, and they often cannot be
completely eliminated with a conventional field-shimming
method. Besides the improvement and development of
shimming technology,1–3 a number of new techniques have
therefore been developed to extract high-resolution NMR
spectra in inhomogeneous fields. The Varian Nano-NMR
tube, for example, enables on-bead studies of products from
SPS through magic angle spinning (MAS) and magnetic-
susceptibility-matching fluid techniques.4 In the case of ex situ
NMR, the Pines group and the Blümich group achieved
chemical-shift-resolved 19F spectra with a portable single-
sided sensor via nutation echoes and a pair of inner shimming
magnets.5 Alternatively, Frydman and co-workers employed
phase compensation to cancel the effect of inhomogeneity in
the spatial-encoding-based uni- or multi-dimensional
spectra6,7 and images.8
Different from the above ex situNMR case, inhomogeneous
line broadening in in vivo spectroscopy is caused mainly by
widely-distributed magnetic susceptibilities at a smaller scale
among various tissues and cellular structures. Therefore, a
‘‘local gaussmeter’’ seems necessary to identify the inhomoge-
neous field where the observed spin locates. Several high-
resolution methods have been proposed, utilizing total
coherence transfer echoes,9 intramolecular zero-quantum
coherences (ZQCs),10 and intermolecular nuclear Overhauser
effects (NOEs)11 respectively, to obtain spectra independent of
intrinsic field inhomogeneities. Very recently, the Rothman
group demonstrated that the indirect detection of intra-
molecular ZQCs can not only generate high-resolution
NMR spectra of the rat brain in vivo, but also allow the
collection of more spectral information than a conventional
1D spectrum.12 In these methods, the adjacent spins serve as a
gaussmeter which detects the local field via scalar coupling or
short-range dipolar coupling. Another approach is based upon
intermolecular multiple-quantum coherences (iMQCs) among
spins in different molecules. Over recent years, studies of
mechanisms13,14 and potential applications15,16 of iMQCs
have generated tremendous interest. The iMQC signals origi-
nate from dipole–dipole coupled spins within a ‘‘correlation
distance’’, which is determined by the product of the strength
and duration of the applied coherence selection gradients
(CSGs) in the iMQC pulse sequence and ranges from 5 to
500 mm in practice.17 In principle, the t1 line-width of 2D
intermolecular zero-quantum coherence (iZQC) spectra is only
affected by the inhomogeneous field within the dipolar corre-
lation distance. The HOMOGENIZED (HOMOGeneity
ENhancement by Intermolecular ZEro-quantum Detection)
sequence, first proposed by Warren and co-workers, greatly
enhanced resolutions in the indirect dimension of 2D
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spectra.18 Unlike intramolecular MQCs and NOEs, the long-
range nature of dipolar coupling for iMQCs ensures identical
detections of different spin groups within the correlation
distance, independent of differences in their scalar coupling
networks and cross relaxation rates. Therefore, all key features
in high-resolution spectra, including chemical shifts, multiplet
patterns, coupling constants, and relative peak areas, are
mostly retained.
Although the HOMOGENIZED spectroscopy has been
investigated in several in vivo experiments,19,20 the strong t1
ridge noises, caused by solvent–solvent iZQCs, solute–solvent
iZQCs and residual longitudinal magnetizations, remain a
technical obstacle. Therefore, the sequence was improved by
employing a selective pulse as the second RF pulse21–23 to
reduce t1 ridge noises and to remove unwanted iZQC signals.
However, the residual longitudinal magnetization in the detec-
tion period, caused by flip-angle imperfection of the first RF
pulse or longitudinal relaxation, can still result in a strong
solvent signal. Later, a high-resolution method using inter-
molecular double-quantum coherences (iDQCs), named
IDEAL (Intermolecular Dipolar-Interaction Enhanced All
Lines), was proposed.24 The main advantages of the IDEAL
sequence include filtering out the residual single-quantum
coherence (SQC) signals by coherence selection in the evolu-
tion period of iDQC, and a 3 times magnification of scalar
couplings to achieve detection of refined multiplet patterns in a
weakly-coupled system. On the other hand, the high-resolu-
tion method via iZQCs with an unaltered scalar-coupling scale
is more suitable for strongly scalar-coupled spin systems.
Along that line of development, the WATERGATE
composite pulse25 has been used during the acquisition time
to suppress the solvent signal in iZQC spectra.21–23 Recently,
we have applied a modified CRAZED (COSY Revamped with
Asymmetric Z-gradient Echo Detection) sequence with three
RF pulses to suppress residual intermolecular dipolar interac-
tions and to obtain ‘‘pure’’ iZQC and iSQC signals without
conventional SQC residuals.26,27 In this paper, a new
three-pulse CRAZED sequence with an intermolecular
double-quantum filter (iDQF), dubbed iDQF-HOMO-
GENIZED, is designed to suppress the strong solvent signals
in iZQC high-resolution spectra. Theoretical expressions de-
rived from the iMQC treatment are employed to explain the
solvent-suppression mechanism and to optimize RF-pulse flip
angles. Experimental results on a solution of ethylbenzene in
dichloromethane are presented to demonstrate the effective-
ness of the new sequence for improving spectral resolution on
both strongly- and weakly-coupled systems. Measurements on
grape pulp are performed to test its feasibility for biological
systems with strong water resonance and intrinsic susceptibil-
ity distributions. Comparisons of solvent suppression and
solute signal intensities are made between the proposed
pulse sequence and several previously reported iMQC
high-resolution techniques.
2. Theory
Conventional (intramolecular) double-quantum filters have
been used before for a selection of double-quantum spin
orders and for the selective removal of spin-1/2 singlets.28
Although singlets cannot be eliminated this way in the case of
iMQC, iDQFs can be effective tools to remove the intense
conventional SQC solvent signals in iMQC experiments.
Furthermore, through selective RF pulses, different coherence
pathways can be selected between solute and solvent, so that
theoretically not only conventional SQCs but also iMQC
signals of solvent can be filtered out completely by means of
coherence selections and optimal RF flip angles.
In the following theoretical deduction, we will consider,
without loss of generality, a well-mixed liquid sample, con-
sisting of the S component of an AX spin-1/2 system and the I
component of a single spin-1/2 system. It is assumed that I
spin (corresponding to solvent) is abundant and S spins
(corresponding to solutes) are either abundant or dilute. The
pulse sequence of iDQF-HOMOGENIZED is depicted
schematically in Fig. 1D. The first and the last RF pulses are
nonselective pulses with flip angles of p/2 and p, respectively,
while the second and the third pulses are selective for solvent,
with flip angles denoted as a and b, respectively. Three linear
CSGs are applied along the z-direction, where G and d are the
amplitude and duration, respectively, of the second CSG. In
order to select the coherence transfer pathway 0-+2-+1
- 1, the second and the third CSGs have an area ratio of
1 :2, while the first CSG is employed with strength G0 large
enough to dephase all the other coherences except zero-
quantum coherence. The quantum treatment is employed in
Fig. 1 Pulse sequences: (A) IDEAL when n = 2 and S90 when
n = 0; (B) SEL-HOMOGENIZED; (C) S90(WS)2: S90 with two
additional water suppression modules; (D) iDQF-HOMOGENIZED
proposed in this study. Black bars indicate hard RF pulses, and Gauss-
shape RF pulses are selective for I spin (corresponding to solvent).




















































theoretical expressions due to its predictive and intuitive
power for coherence transfer pathways.
Line-narrowing is achieved via iZQC primarily based on the
fact that two correlated spins are, within the correlation
distance, much smaller than the sample size and the spatial
extent of macroscopic susceptibility variations. Therefore the
iZQCs, which evolve at the difference of the precessing
frequencies of the two spins involved, are not susceptible to
inhomogeneities larger than the correlation distance. This has
been discussed in detail previously,21 so we will focus on the
solvent-suppression mechanism via iDQF in the proposed
pulse sequence in the following deduction, including its
coherence pathways and optimal RF-pulse flip angles. For
simplification, the effects of radiation damping, diffusion,
relaxation, and scalar coupling will be ignored. Summations
over all molecules in the sample29 are also ignored for simpli-
fication. After dropping undesired coherence orders and high-
er-order spin terms30 that are rarely observable, only the two
spin terms IziIzj and IzSz remain, which evolve under the first




















where the subscripts i and j denote solvent spins on different
molecules. The terms with coherence orders other than ZQC
are left out in eqn (1) because they are removed in the t1 period
by CSGs and proper phase cycling. After the second RF pulse

























where the I+S term is ignored since it cannot be converted
into +2 coherence order by the solvent-selective pulse and
thus will not be chosen in the iDQF period. After the third RF
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In the two periods sandwiching the hard p RF pulse, the
dipolar Hamiltonian due to long-range intermolecular inter-




 into observable in-phase terms I and
S respectively.29
Similar to the deduction of signals of the iDQF-
HOMOGENIZED sequence, the coherence transfer
pathway of the IDEAL sequence shown in Fig. 1A with
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In the S90 sequence22 (Fig. 1A with n = 0), i.e., the selective
iZQC equivalent of IDEAL, the coherence transfer pathway is
0 - +1 - 1. Obviously, the z-magnetization recovered by
longitudinal relaxation T1 during the t1 period will pass the
coherence transfer pathway and be converted into a conven-
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IþS term after the first RF pulse cannot be turned
into observable signals, and so was ignored in the latter
deduction. It turns out that there is no solvent iZQC signal,
and all the solvent signal of the S90 sequence comes from one
spin term of I, that is the conventional SQC, originating from
T1 relaxation in the evolution period. This conventional
solvent signal is difficult to eliminate by CSGs and phase
cycling since the residual longitudinal magnetization in the t1
period has the same coherence order as the desired iZQCs.
Besides S90, all the derivative iZQC high-resolution pulse
sequences18,21,22 have the same problem with the conventional
solvent signal even if different designs of WATERGATE
modules were utilized to suppress it.
For the IDEAL and iDQF-HOMOGENIZED sequences,
the conventional SQC signal cannot survive the period of
double-quantum evolution. In the iDQF-HOMOGENIZED
sequence, neither the residual z-magnetizations of solvent nor
solute in the t1 period can be transferred into intramolecular
double-quantum terms by a p/2 RF pulse which is selective for
solvent. Therefore, theoretically, only the iMQC signals are




















































preserved in the iDQF-HOMOGENIZED spectra. It also can
be seen that if the specific coherence transfer pathway is well
selected in iDQF-HOMOGENIZED, its effectiveness for the
elimination of non-iMQC signals will be insensitive to the
imperfection of the pulse flip angles.
However, eqn (1)–(4) show that the solvent signals of iDQC
in the IDEAL sequence and those of iZQC in the
iDQF-HOMOGENIZED sequence during the t1 period can
pass through the coherence transfer pathways with the same
coherence order as the desired solute signals. The solvent
signal of iDQC in the IDEAL sequence cannot be suppressed
by the optimized RF-pulse angle. On the other hand, in the
iDQF-HOMOGENIZED sequence presented in this work,
maximal solute signals are achieved when a = p according
to eqn (3), which results in a null solvent signal. Therefore,
when correlation selection is well maintained, setting the flip
angle of the second RF pulse to p will not only remove the
solvent iZQC signal completely, but also render the desired
solute signals to their maxima. Eqn (3) also indicates that the
optimal flip angle of the third RF pulse is p/2 for solute iZQCs
created in the t1 period.
Eqn (1)–(5) show that all the solute signals derived from the
three different sequences of iDQF-HOMOGENIZED,
IDEAL and S90 have the same intensity. Therefore,
iDQF-HOMOGENIZED has a higher intensity ratio of solute
to solvent than the other iMQC high-resolution methods due
to its better suppression of the solvent signal.
3. Experimental
All experiments were performed at 298 K using a 500 MHz
Varian NMR System with a 5 mm high-field indirect detection
probe with three-dimensional PFG (Pulsed Field Gradient)
modules. A solution of ethylbenzene (C6H5C2H5) dissolved in
dichloromethane (CH2Cl2) was used to demonstrate the effect
of the iDQF-HOMOGENIZED sequence on both strongly-
and weakly- coupled systems. The molar ratio of C6H5C2H5 to
CH2Cl2 was 1 : 50. The static magnetic field was intentionally
deshimmed to produce a broadened line-width of about 60 Hz.
The pulse-width of a 901 RF hard pulse was extended from 6
to 45 ms by detuning the probe to reduce the influence of the
radiation damping field substantially. All selective pulses were
in Gaussian shape with a pulse-width of 5 ms. The pulse
sequences of IDEAL (Fig. 1A with n = 2) and iDQF-
HOMOGENIZED (Fig. 1D) were applied. The CSGs with
strength GE 0.1 T m1 and duration d=1.2 ms were applied.
The gradient amplitude in the t1 period of iDQF-HOMO-
GENIZED was set to be G0 E 0.04 T m1, determined by a
regulation experiment on the variation of the residual solvent
signal with G0. The spectral widths of both F1 and F2 dimen-
sions were 5000 Hz, with 1024 increments in the F1 dimension.
The pulse repetition time was 5.0 s, the echo time (D) was
60 ms, and the acquisition time t2 was 100 ms. To remove
residual unwanted coherence pathways, a two-step phase
cycling was used: for the iDQF-HOMOGENIZED, the phases
for the second RF pulse and the receiver were (x, y) and
(x, x), respectively; for IDEAL, (x, x) was used for the
refocusing p pulse.
A sample of a piece of grape sarcocarp fitted inside a 5 mm
NMR tube was also used to test the feasibility of the iDQF-
HOMOGENIZED sequence for use with biologic samples
with intrinsic macroscopic susceptibility gradients and intense
water signals. A comparison of the new sequence with a series
of iZQC sequences (S90, SEL-HOMOGENIZED (Fig. 1B)
and S90(WS)2 (Fig. 1C)) and an iDQC sequence (IDEAL) was
performed. The 1D spectrum of the extracted juice from the
same grape was acquired in a homogeneous field for spectral
pattern comparison. All experiments on grape sarcocarp were
performed without locking and shimming. The probe was well
tuned to preserve high sensitivity, and the CSG in the t1 period
was split into two sections: the first part was applied immedi-
ately after the first pulse to reduce the influence of the
radiation damping field.18 The spectral widths of both the F1
and F2 dimensions were 5000 Hz, with 800 increments in F1
dimension. The repetition delay was 2.0 s and the echo time
(D) was 60 ms. All selective pulses were in Gaussian shape and
their pulse-widths were extended to 15 ms to avoid a signifi-
cant influence on the beta-glucose doublet. The CSGs with
strength G E 0.16 T m1 and duration d = 1.2 ms were
applied. The gradient amplitude in the t1 period of the iDQF-
HOMOGENIZED was G0 E 0.07 T m1. The same two-step
phase cyclings as the foregoing experiments were used for the
iDQF-HOMOGENIZED and the IDEAL. In the WATER-
GATE blocks of the S90(WS)2 and the SEL-HOMO-
GENIZED sequences, the crusher-gradient strengths were
set to be G1 E 0.07 T m
1 and G2 E 0.12 T m
1 respectively,
and the crusher-gradient durations were set to be d0 = 1.0 ms.
A two-step phase cycling (x, x) was used for all p RF pulses
of the S90, S90(WS)2, and SEL-HOMOGENIZED, including
those in the WATERGATE modules.
4. Results and discussion
A 1D spectrum of C6H5C2H5 in CH2Cl2 in a homogeneous
field is shown in Fig. 2A. The insets display the expanded
multiplets. The homogeneity of the magnetic field was then
intentionally deshimmed to produce a line-width of 60 Hz, and
a 1D spectrum was acquired (see Fig. 2B). Clearly, no scalar
coupling split can be observed due to the large line-width. In
the same inhomogeneous field, 2D spectra were acquired using
the IDEAL and the iDQF-HOMOGENIZED sequences. In
the iDQF-HOMOGENIZED spectrum, all signals fall within
a band along the diagonal. The data matrix was then sheared
by p/4 along the F2 axis, which transforms (o2, o1) to
(o2  o1, o1), letting the diagonals tilted to appear horizon-
tal.21 As for the IDEAL spectrum, the data matrix was sheared
by p/2 along the F1 axis, which transforms (o2, o1) to
(o2, o1  2o2), resulting in a p-type spectrum with inhomo-
geneity suppressed in the F1 dimension. The apparent scalar-
coupling constants in the projection onto the F1 dimension are
3 times those in the conventional 1D spectrum, while chemical
shifts remain unchanged. The IDEAL spectrum after the
shearing process along the F1 axis was displayed in n-type
mode, which transforms (o2, o1  2o2) to (o2, 2o2  o1).
Then it was sheared by p/4 along the F2 axis, which trans-
forms (o2, 2o2  o1) to (o1  o2, 2o2  o1), so that the
diagonal signal band was tilted to appear horizontal. The




















































areas without desired signals outside the horizontal band were
cut out to reduce noise. The accumulated projections of the
regions of interest in the sheared spectra are presented in
Fig. 2C and 2D. In the IDEAL spectrum, the multiplets of
the ethyl group are well resolved with a scaling factor of 3 in
scalar-coupling constants, but the patterns of protons on the
benzene ring differ greatly from those in the natural spectrum.
In both iDQF-HOMOGENIZED and IDEAL, solute spins
are subject to RF pulses of [p/2  t1  p  t2]. Assuming oI =
0, the spectra of both are similar to the p-COSY (with the
second pulse angle equal to p) spectrum, except for the
direction of the inhomogeneous broadening. In strongly-
coupled systems, the p pulse leads to coherence transfer
between various transitions, but the additional signals caused
by the p pulse do not lead to any new frequency in F1 or F2
axis in a p/2  t1  p  t2 spectrum. However, due to the field
inhomogeneity, the peaks in the IDEAL spectrum are broa-
dened along the specific direction of arctan 2,24 along which
the projection free of inhomogeneous broadening can be
obtained. Since the inhomogeneity-free projection of the
IDEAL spectrum is along neither the F1 nor the F2 axis,
additional signals of strongly-coupled systems caused by the p
pulse will appear in the projection spectrum. Consequently,
the IDEAL projection spectrum suffers not only overlapping
of strongly-coupled multiplets with close chemical shifts but
also detrimental additional resonances. Unlike the IDEAL
method, the same scalar-coupling constants as those of
conventional spectra are obtained by the iDQF-HOMO-
GENIZED sequence. Furthermore, since the additional sig-
nals due to the p pulse share the same F1 frequencies with the
coupling partners and thus do not lead to any new resonance
in the projection, the strongly-coupled multiplets in the
iDQF-HOMOGENIZED projection spectrum are the same
as those in the conventional single-pulse one, except that the
additional peaks may cause intensity distortions of lines in
multiplets because projections are calculated from absolute-
value spectra which do not distinguish between positive and
negative. The intense solvent signal is another impediment in
high-resolution spectroscopy since it not only causes baseline
distortion and blocks signals of interest but also reduces the
receiver gain to a small value ill-suited for efficiently digitizing
weak solute resonances. It can be seen that much better
solvent-suppression efficiency can be achieved by the
iDQF-HOMOGENIZED than the IDEAL.
Intense water resonance and inhomogeneous line-broad-
ening caused by magnetic-susceptibility gradients among
various structural components are two major obstacles to
achieving high-resolution NMR spectra in biological samples.
In the current work, we performed a series of measurements
on a piece of grape sarcocarp to test the feasibility of the
iDQF-HOMOGENIZED method for biological systems and
to demonstrate its improvement over the iMQC high-resolu-
tion techniques proposed previously. The line-width of the
water resonance of the grape sarcocarp is about 100 Hz in the
conventional 1D NMR spectrum (Fig. 3A), where hardly any
spectral information of solute can be resolved. The 1D projec-
tion of the corresponding iDQF-HOMOGENIZED spectrum
after the same data processing as Fig. 2D is shown in Fig. 3B.
It can be seen that the line-widths are greatly reduced after a
projection of the spectrum onto the horizontal axis. Further-
more, the water signal is effectively suppressed so that the two
peaks of beta- and alpha-glucose, which are about 0.2 and
0.4 ppm away from the water resonance respectively and were
completely concealed in the conventional 1D NMR spectrum,
can be resolved. For comparison, a 1D spectrum of the
extracted grape juice obtained in a homogeneous field is
presented in Fig. 3C, with insets of the beta-glucose and the
area between 3.0 to 4.2 ppm magnified in both vertical and
horizontal directions. The corresponding areas in the
unsheared iDQF-HOMOGENIZED 2D spectrum of grape
sarcocarp is shown in Fig. 3D, with accumulated projections
along both dimensions. The weak triplet peak from a methyl
group with low concentration at 1.1 ppm and the doublet of
beta-glucose are also presented in Fig. 3D. It can be seen that
much spectral information is recovered from spectra with
severely-overlapping peaks, and the resulting 1D spectrum of
Fig. 2 Spectra of a solution of C6H5C2H5 in CH2Cl2 (Molar ratio of
C6H5C2H5 and CH2Cl2 was 1 : 50): (A) 1D conventional spectrum in a
homogeneous field; (B) 1D spectrum in an inhomogeneous field with a
line-width of 60 Hz; accumulated projections of the sheared spectra of
(C) IDEAL and (D) iDQF-HOMOGENIZED in the same inhomo-
geneous field. The insets display the expanded multiplets of the same
horizontal scaling.




















































iDQF-HOMOGENIZED is quite similar to a 1D high-resolu-
tion juice spectrum with a reasonable signal-to-noise ratio
(SNR). The difference in the glucose pattern between
iDQF-HOMOGENIZED and high-resolution juice spectra is
mainly due to the J-modulation of the multiplet intensity
during the echo time. In addition, the projection calculated
from the absolute-value spectrum may cause intensity distor-
tions of lines in strongly-coupled multiplets as well. These
problems also occur in the iZQC and iDQC high-resolution
techniques proposed previously.
A comparison of solvent signal intensity from several high-
resolution sequences via iMQCs is presented in Fig. 4.
Fig. 4A–E are 2D z-gradient spectra of S90, SEL-HOMO-
GENIZED, S90(WS)2, IDEAL and iDQF-HOMO-
GENIZED, respectively, and their accumulated projections.
In the bottom row, Fig. 4F–J are the corresponding magic-
angle-gradient spectra of Fig. 4A–E the top row. For
convenient comparison, the IDEAL spectra were sheared by
p/2 along the F1 axis and displayed in the n-type mode. All
the 2D spectra are plotted with the same intensity scale and
contour level. Some projections are magnified vertically with
the marked factors. It can be seen that the strong water signal
in S90 (Fig. 4A) is reduced by one or two WATERGATE
blocks. The excitation sculpting scheme31 (Fig. 4C) achieves
much better suppression than a single WATERGATE module
(Fig. 4B), so the alpha-glucose can be resolved in the 2D
spectra of the S90(WS)2. It is known that using magic angle
gradients as CSGs in iMQC experiments will render the
distant dipolar field to zero and thus eliminate iMQC signals
but leave conventional SQC signals unaffected. Fig. 4F–H
prove that the solvent signals in S90 and its derivatives are
mainly conventional SQCs. Since the magnitude of the solvent
SQC signal is one or two orders larger than that of the solute
iZQCs, the residual water signal after the WATERGATE
module(s) is still much stronger than the solute signals of the
iZQCs, and the severe t1 noise reduces the SNR of unsheared
projection greatly. On the other hand, the iDQC period filters
out most conventional SQCs in the IDEAL and iDQF-
HOMOGENIZED. Fig. 4I and J show that the residual water
signals in IDEAL and iDQF-HOMOGENIZED are mainly
from iMQCs. Compared to S90(WS)2, a similar suppression
efficiency can be achieved by the IDEAL sequence without a
special water-suppression module. It is partly due to the fact
that the intensity of iMQCs is much weaker than that of
conventional SQCs. In Fig. 5 we compared the solvent signal
intensity variations of S90(WS)2 (Fig. 5A), IDEAL (Fig. 5B)
and iDQF-HOMOGENIZED (Fig. 5C) as t1 increases from 0
to 160 ms with 9 steps. It can be seen that the solvent
resonance intensity of S90(WS)2 increases due to T1 relaxa-
tion, while those of the IDEAL and the iDQF-HOMO-
GENIZED decrease due to T2 relaxation in the same period.
The solvent-signal attenuation with respect to t1 is much faster in
the IDEAL than in the iDQF-HOMOGENIZED. It has been
shown that the transverse relaxation terms of solvent–solvent
iZQCs and solvent–solvent iDQCs are both exp(2RI2t1), in
which RI2 is the conventional single-quantum relaxation rate of
solvent. However, in the case of inhomogeneous fields, the
solvent iMQC signal attenuation depending on t1 and trans-
verse relaxation should be reconsidered. The effective echo
time, that is, the duration from the selective p/2 pulse to the
center of echo, can be defined as techo. For example, techo = 2D
in the iDQF-HOMOGENIZED when the iDQF duration is
ignored, while in the IDEAL techo = 2D + 2t1, which is
dependent on t1. It can be seen that the SQC T2 relaxation in
Fig. 3 1D spectra of a piece of grape sarcocarp in an inhomogeneous field with a line-width of 100 Hz from (A) single p/2 RF pulse, and (B) 1D
projection of the sheared 2D iDQF-HOMOGENIZED spectrum onto the F1 axis; (C) 1D conventional spectrum of the grape juice in a
homogeneous field; (D) the 2D unsheared spectrum of the same data as (B), with accumulated projections along both dimensions. Insets are
expanded views.




















































Fig. 4 Solvent signal intensity comparisons between five iMQC high-resolution methods: the top are the 2D z-gradient spectra and their
accumulated projections of (A) S90, (B) SEL-HOMOGENIZED, (C) S90(WS)2, (D) IDEAL, and (E) iDQF-HOMOGENIZED; the bottom
(F)–(J) are the corresponding magic-angle-gradient spectra of (A)–(E) respectively. Projections are magnified vertically with the marked factors for
convenient comparison. Sample is the same piece of grape sarcocarp.
Fig. 5 Comparison of the solvent signal intensity variations of (A) S90(WS)2, (B) IDEAL, and (C) iDQF-HOMOGENIZED as t1 increased
linearly from 0 to 160 ms with 9 steps. Sample is the same piece of grape sarcocarp.




















































the t1-dependent effective echo time should be taken into
account. Therefore, in inhomogeneous fields, the effective
transverse relaxation attenuation of the solvent iMQC signal
as t1 increases can be expressed as AiMQC(t1)ASQC(t1), where
AiMQC is the attenuation caused by iMQC transverse
relaxation in the t1 period, and ASQC is the attenuation due
to the later appearance of the echo for the longer t1. In the
iDQF-HOMOGENIZED and the IDEAL, they can be
estimated as:
iDQF-HOMOGENIZED: expð2RI2  t1Þ  1 ¼ expð2RI2t1Þ
IDEAL: expð2RI2  t1Þ  expðRI2  2t1Þ ¼ expð4RI2t1Þ
(
ð6Þ
where it is assumed that the echo duration is infinitely short
and the dephasing due to inhomogeneous static fields can be
completely eliminated in the iZQC period or at iDQC echoes.
Although the solvent attenuation rate of IDEAL is approxi-
mately two times larger than that of iDQF-HOMOGE-
NIZED, more effective water suppression can be achieved in
iDQF-HOMOGENIZED spectra than in IDEAL because the
solvent iZQCs can also be greatly suppressed when a = p in
the iDQF-HOMOGENIZED sequence. The solvent-intensity
comparison of various iMQC methods relative to S90 is
summarized in Table 1 for the measurements shown in Fig. 4.
Retaining maximal solute signal intensity is important in
high-resolution techniques via iMQCs due to the intrinsic low
sensitivity of iMQC signals. In Fig. 6 we compare the solute
signal intensities of the new sequence with those of other four
sequences mentioned in Fig. 4. Since the strong t1 noise in
some 2D spectra, such as S90, will greatly influence the heights
of solute resonances in the accumulated projections, the same
data-processing procedure as Fig. 2D is applied to the spectra
in Fig. 4. As a result, the solute peaks are sheared to horizontal
in 2D spectra, while the t1 noise is sheared to antidiagonal and
then is cut out from the region of interest. It turns out that the
spectra of S90, S90(WS)2, IDEAL and iDQF-HOMO-
GENIZED have almost the same solute signal intensities.
The theoretical expressions without relaxation considerations
(eqn (3)–(5)) predict the same solute intensities at t1 = 0. The
effective echo time should be considered when estimating the t1
dependences of solute-signal attenuations due toT2 relaxation:
S90 and iDQF-HOMOGENIZED : exp½ðRI2 þ RS2 Þ  t1  1
¼ exp½ðRI2 þ RS2 Þt1
IDEAL : exp½ðRI2 þ RS2 Þ  t1  expðRS2  2t1Þ




where RS2 is the conventional single-quantum relaxation rate of
solute. From eqn (7) it seems that the iDQC high-resolution
sequence should have much faster solute-signal attenuation as
t1 increases. However, it is not always the case since the
relaxation rate of tissue water is usually one magnitude larger
than most metabolites in organisms32 (as measured in our
experiment, T2 is 54.3  1.4 ms for the tissue water, and is in
the range of 600–1000 ms for different glucose peaks). There-
fore, the solute-signal attenuation process with respect to t1 in
either iDQC or iZQC high-resolution sequence is dominated by
the solvent relaxation term, hardly influenced by exp(2RS2t1),
the term of difference between two kinds of sequences. On the
other hand, the RS2 relaxation term still can cause T2 weighting
of some components with large transverse relaxation rates.
This is the reason that we did not choose a longer echo time D,
although it can reduce the solvent signal intensity dramati-
cally. In the IDEAL projection spectrum, the 3 times scaling of
J coupling constants results in more resolved multiplet pat-
terns of weakly-coupled systems, such as alpha-glucose, beta-
glucose and the triplet at 1.1 ppm, but it also causes more
severe peak overlapping and different signal pattern from
conventional 1D spectrum in the glucose area between
3.0–4.2 ppm. On the other hand, with neither J coupling
scaling nor additional resonances of strongly-coupled systems
in the F1 dimension, the iDQF-HOMOGENIZED spectrum
of this area is more similar to the conventional spectrum.
Therefore, the iDQF-HOMOGENIZED and IDEAL can play
a complementary role with each other. More effective water
suppression can be achieved in the S90(WS)2 if larger crusher-
gradient strengths are used, but at the same time, the solute
Table 1 Relative solvent intensities referenced to the solvent intensity deriving from the S90 experiment, for the measurements shown in Fig. 4
Pulse sequence S90 SEL-HOMOGENIZED S90(WS)2 IDEAL iDQF-HOMOGENIZED
Relative solvent intensity 1 1/7.1 1/27.6 1/30.2 1/333
Fig. 6 Comparison of solute signal intensities: the 2D sheared spectra and their accumulated projections of (A) S90, (B) SEL-HOMOGENIZED,
(C) S90(WS)2, (D) IDEAL, and (E) iDQF-HOMOGENIZED. Sample is the same piece of grape sarcocarp. All spectra are of the same projection
level.




















































resonances may be subject to more severe diffusion attenua-
tion. The SEL-HOMOGENIZED spectrum suffers from
significant signal attenuation, in agreement with the result of
ref. 22. Our preliminary simulation study shows that the signal
loss in the SEL-HOMOGENIZED spectrum is due to the
replacement of the hard p pulse with the composite refocusing
pulse selective for solutes; a more detailed study is under way.
All above experimental results show that the iDQF-HOMO-
GENIZED method is quite promising for studies of in vivo
tissues with intrinsic susceptibility gradients. Despite its im-
provement over previous iMQC high-resolution methods,
however, the iDQF-HOMOGENIZED sequence still cannot
completely suppress the solvent signal in the above two
experiments. According to the above theoretical prediction,
hardly any conventional SQC signal would remain if CSGs
and the phase-cycling scheme were well designed to ensure an
effective iDQF. On the other hand, it can be seen that the
iZQC signal of solvent would be entirely removed only if the





+) component, which is validated by coherence
selection in the t1 period, will be converted into Ii
+Ij
+, the
iDQC term of +2 order, by the imperfect selective pulse, and
thus slip through the iDQF. The residual iZQC solvent signal
due to imperfection of a can be quantitatively evaluated.
Assume that I and S spins are of the same concentration.
Considering eqn (3) and the hetero-spin dipolar field
factor 2/3, the intensity ratio of solute to solvent in
iDQF-HOMOGENIZED spectra, which we define as the
solvent-suppression ratio RS, can be given as




when the T2 relaxation is ignored. In in vivo applications, all
spectral resonances, including the water one, are subject to an
inhomogeneous broadening of between several tens and more
than 100 Hz. Conventional selective pulse patterns such as
Gaussian or Sinc can hardly achieve a ‘‘top-hat’’ excitation
profile with a narrow bandwidth of one or two hundred Hz.
The edges of broadened water resonance are subject to more
serious flip-angle deviation than the center, so the residual
water signals for edges are stronger. According to eqn (8), if
the flip angle of the second RF pulse deviates from p by 5%,
the solvent signal intensity will be 1/54 of the solute signal
intensity, neglecting the T2 weight. The overall flip angle
precision at frequencies within the line-width of water reso-
nance should be considered when evaluating the suppression
efficiency. The problem of suppression profile also greatly
deteriorates the efficiency of WATERGATE module in the
inhomogeneous field. In in vivo studies, the transverse relaxa-
tion rate of the tissue water is one magnitude larger than most
metabolites. It can be summarized from eqn (6) and (7) that
the transverse relaxation rate of the residual water iZQCs in
the iDQF-HOMOGENIZED is 2 times of that of desired
solute iZQCs. The suppression efficiency of the iDQF-
HOMOGENIZED benefits from the two-fold attenuation rate
of the tissue water in the t1 period. On the other hand, the
water signals of S90 and its derivatives are mainly the con-
ventional SQC signal converted from the longitudinal magne-
tization in the iZQC period. It grows with increasing t1 due to
the T1 relaxation. In the iDQF-HOMOGENIZED, the
residual longitudinal magnetization of water in t1 will also
be converted into an iDQC term by the second RF pulse







Nevertheless, in the iDQF-HOMOGENIZED, the contribu-
tion of the longitudinal magnetization in the t1 period to the
residual water signal is almost negligible compared to water
iZQCs since the z-magnetization is theoretically zero at t1 = 0
and only increases multi-exponentially with (1  et1/T1
I
)2.33
Consequently, the suppression efficiency of the iDQF-HOMO-
GENIZED is less vulnerable to the excitation profile imperfec-
tion than that of the S90(WS)2. In a MRI scanner, the RF
inhomogeneity of the in vivo probes will be an unavoidable
problem worsening the water suppression in the iDQF-
HOMOGENIZED and the WATERGATE module(s). In
the iDQF-HOMOGENIZED, the two-fold faster attenuation
of water iZQCs may alleviate the flip-angle precision problem
caused by RF inhomogeneity.
5. Conclusions
In this paper, we have presented a new pulse sequence named
iDQF-HOMOGENIZED that can be used to obtain 1D high-
resolution spectra in inhomogeneous magnetic fields. It is
based on iZQCs coming from dipolar correlations of spin
pairs with different signs of the precession frequency. The
dipole–dipole coupled spins are on different molecules within a
correlation distance in the range of 5 to 500 mm. Therefore, the
field inhomogeneites over a scale larger than this correlation
distance will be removed in the F1 dimension of 2D iZQC
spectra. Compared to the previous iZQC high-resolution
techniques, the new method employs an intermolecular
double-quantum filter to suppress conventional SQC signal,
which originates from the residual longitudinal magnetization
in the evolution period of iZQC and cannot be suppressed by
coherence selections in previous iZQC methods. Furthermore,
by setting the flip angle of the second RF pulse to p, the
solvent iZQC signal is also effectively reduced with the iDQF-
HOMOGENIZED sequence, and at the same time the desired
solvent–solute iZQC signals are maximized so that they are
subject to no intensity loss compared to the previous iMQC
high-resolution sequences. The intensity of the residual solvent
iZQC signal is very sensitive to the deviation of the flip angle
of the a pulse from p. But the fast attenuation of tissue-water
iZQCs in in vivo studies can alleviate the problem of this
flip-angle inaccuracy. The iDQF-HOMOGENIZED with the
same J coupling constants as the conventional SQC technique,
and the IDEAL, in which the J coupling constant is scaled by
a factor of 3, can play a complementary role with each other.
The issue of low SNR, mainly due to weaker iMQC signal
intensity compared to SQCs and strong transverse relaxation
of tissue-water, is still a critical problem for in vivo applica-
tions of iMQC-based high-resolution methods, since metabo-
lites with much lower concentration than glucose can hardly
be resolved in all the iMQC sequences we have utilized. A very
recent study demonstrated an effective protocol for signal




















































enhancement in iMQC experiments,34 and it may help to
improve SNR in in vivo iMQC spectroscopy.
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